ABSTRACT Multiple regression analysis on an extended dataset has been performed to refine the relationship between temperature, pressure, composition and the Fe-Mg distribution between garnet and clinopyroxene. In addition to a significant dependence between the distribution coefficient K D and XGrt Ca and XGrt Mg# , as shown by the experimental data, the effect of XGrt Mn has also been incorporated using data from natural Mn-rich garnet-clinopyroxene pairs. Multiple regression of data (n=360) covering a large span in pressure, temperature and composition from 27 experimental datasets, combined with 49 natural high-Mn granulites from Ruby Range, Montana, USA, and Karnataka, India, yields the P-T -compositional relationship (r2=0.98):
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where K D =(Fe2+/Mg)Grt/(Fe2+/Mg)Cpx, XGrt Ca =Ca/(Ca+Mn+Fe2++Mg) in garnet, XGrt Mn = Mn/(Ca+Mn+Fe2++Mg) in garnet, and XGrt Mg# =Mg/(Mg+Fe2+) in garnet. The Fe2+-Mg equilibrium between garnet and clinopyroxene does not seem to be affected by variations in the sodic content of the co-existing clinopyroxene in the range XCpx Na =0-0.51. Comparisons between the new and former calibrations of the garnet-clinopyroxene Fe2+-Mg geothermometer clearly demonstrate how the various parameters in each case affect the calculated temperatures. Application of the new expression gives reasonable results for natural garnet-clinopyroxene pairs from various rock types and settings, and should be preferred to previous formulations. Using the new calibration to the self-consistent dataset of Pattison & Newton (Contributions to Mineralogy and Petrology, 1989, 101, 87-103) suggests a systematic deviation with regard to both temperature and composition between their dataset and the datasets used in the present calibration.
Key words: calibration; clinopyroxene; compositional dependence; garnet; geothermometer. content of garnet. Pattison & Newton (1989) provided  INTRODUCTION a new extensive dataset which demonstrated that the Mg number Experimental studies on the partitioning of Fe2+ and Mg, expressed by the distribution coefficient Mg#=100×Mg/(Mg+Fe2+) K D =(Fe2+/Mg)Grt/(Fe2+/Mg)Cpx of garnet has a significant effect on the K D value. They fitted a third-order polynomial equation to account between co-existing garnet and clinopyroxene have clearly shown that this distribution is a function of for this effect, and derived a new version of the geothermometer. However, their calibration gives both physical conditions as well as compositional variations of the phases involved (Råheim & Green, different temperature estimates compared to estimates by other versions of the geothermometer (e.g. Ellis & 1974a; Ellis & Green, 1979; Pattison & Newton, 1989; Ai, 1994) . Green, 1979; Powell, 1985; Krogh, 1988) . Green & Adam (1991) performed experiments on mafic systems Ellis & Green (1979) demonstrated a significant rectilinear relationship between the Ca content in in order to test the various versions of the garnetclinopyroxene thermometer. They concluded that none garnet and ln K D , which they quantified and integrated into their geothermometric expression. Krogh (1988) of the existing formulations could safely be applied to rocks of a wide origin in terms of P, T and composition. further evolved the geothermometer by suggesting a curvilinear relationship between ln K D and the Ca They especially noted that the Pattison & Newton (1989) formulations showed large deviations from their THE DATASET own data, and pointed out that additional experimental data are needed for further evaluation and improveExperimental data ment of the geothermometer. As a step towards realizing this suggestion, Ai (1992) 
performed new
Experimental data on co-existing garnet and clinopyroxene in simple and complex systems were taken from various papers and are experiments on ultramafic systems, and, in a later summarized in Table 1 . Out of a total of 404 experimental data paper (Ai, 1994) performed a statistical analysis of all pairs from 27 papers, 311 were judged to be consistent, and were the available experimental data (380 pairs) on the used, together with data from 49 natural Mn-rich samples as garnet-clinopyroxene equilibria. A total of 109 pairs discussed below, for the regression. The experiments used cover a large span in temperature (600-1740°C), pressure (10-60 GPa) and were determined to be erroneous and excluded from composition (see Table 2 ), and the data are therefore well suited to the final multiple linear regression. Ai's formulation a statistical treatment. (Ai, 1994) included the curvilinear relationship between ln K D and XCa Grt as proposed by Krogh (1988) , as well as a rectilinear relationship between ln K D and the Mg Data from Mn-rich natural assemblages number of garnet. Application of the Ai (1994) thermometer yields slightly lower temperatures than Ruby Range, Montana, USA the formulation of Krogh (1988) . Berman et al. (1995) Dahl ( Table 2 . Temperature ideality of clinopyroxene and using the garnet activity and pressure estimates based on various geothermometers yield model of Berman (1990) . Their new formulation of the consensus values of 745±50°C and 0.72±0.12 GPa for the Kelly relationship between P, T , the compositions of garnet area and 675±45°C and 0.62±0.12 GPa for the Carter Creek area and clinopyroxene and the K D value yields temperature (Dahl, 1979 (Dahl, , 1980 Inconsistencies between the experimental dataset of Wallace & Green (1991) 2.0-3.0 900-1100 15 11 Pattison & Newton (1989) and other datasets have Green & Adam (1991) 1.0-3.0 950-1200 17 17 Green (1992) 1.5 950 1 1 been indicated by Green & Adam (1991) Multiple regression analysis (Table 3 ) of these data curve (Kerrick, 1972) . At 0.7 GPa, this curve passes through yields the geothermometric expression (r2=0.98):
c. 670°C. Thus, for the present paper, a temperature of 680°C at 0.7 GPa is preferred for the Ruby Range area. Only the samples
from the Kelly area are used in the regression.
Devaraju & Laajoki (1986), Mahabaleswar (1986) and Bhattacharya (1990) presented data for 13, 17 and 13 garnet-clinopyroxene pairs, respectively, from Mn-rich assemblages within the same where structural units in the Karnataka region, southern India. Variations of garnet compositions from the Karnataka rocks are given in 1984; Sen & Bhattacharya, 1984; Lee & Ganguly, 1988) , and also
The new calibration has been used to calculate modified the garnet-clinopyroxene thermometer of Ellis & Green apparent temperatures (T calc ) for the experimental data (1979) and the garnet-orthopyroxene thermometers of Harley (1984) of Pattison & Newton (1989) . The difference between and Sen & Bhattacharya (1984) whole range of temperatures.
WORKED EXAM PLES
In Fig. 4 , temperature-pressure curves for sample SA1-3a using the same calibrations have been plotted. To show how the new calibration works and compares to other commonly used versions of the garnetIt is evident that the pressure correction parameter is largest for the calibrations of this paper and Ai (1994), clinopyroxene Fe2+-Mg geothermometer, analyses of co-existing garnet and clinopyroxene from a migmatitic and lowest for the Ellis & Green (1979) , Powell (1985) and Krogh (1988) calibrations, while it is intermediate granulite sample (SA1-3a) from Kapuskasing, Ontario (Hartel & Pattison, 1996) have been chosen (Table 4) to these extremes in the Berman et al. (1995) calibration. as an example. This sample seems to be representative for common high-grade crustal rocks, and electron
In Fig. 5 , variations of calculated temperatures for each of the above mentioned geothermometers are microprobe analyses of the minerals are of high quality. Also given in Table 4 are the structural formulae of plotted against garnet compositional parameters, keeping the pressure (1.0 GPa) and the K D value (7.48) garnet and clinopyroxene, relevant chemical parameters, and calculated K D , ln K D and temperatures at constant. In Fig. 5(a) , XGrt Ca has been varied, keeping the other parameters constant. It is evident that the 1.0 GPa for the sample.
A comparison between the various geothermometers curvature of XGrt Ca versus calculated temperature by the Krogh (1988) calibration strongly deviates from the is best visualized by plotting relevant parameters against each other. For this purpose, the mineral new calibration and that of Ai (1994) . At XGrt Ca values between 0.05 and 0.40, the latter curve and the new compositions of sample SA1-3a have been used as a basis. In Fig. 3 , the relationship at 1.0 GPa between calibration are virtually subparallel to the rectilinear curves defined by the Powell (1985) and Ellis & Green ln K D and 1/T (K) for a garnet with constant composition as given in Table 4 Green (1979) and Powell (1985) have steeper of XGrt Ca on the garnet-clinopyroxene Fe2+-Mg equilibrium than indicated by any of the other calibrations. slopes, and intersect the new calibration at c. 950°C. This implies that the difference between the Ellis & In Fig. 5( b) , XGrt Mg# has been varied keeping the other parameters constant. To keep the K D constant, a Green (1979) and Powell (1985) calibrations and the Table 4 . Electron microprobe analyses of co-existing garnet and clinopyroxene in migmatitic granulite sample SA1-3a from Kapuskasing, Ontario (Hartel & Pattison, 1996 (1996) also showed contrasting slopes between the corresponding change in the Fe/Mg ratio of the clinopyroxene was made. The three methods involving garnet mixing model of their own and that of Berman (1990) for Mn-rich garnet-biotite pairs from Pecos a correction for XGrt Mg# (Ai, 1994; Berman et al., 1995 ; this paper) all show a general decrease in calculated Baldy, New Mexico (Williams & Grambling, 1990) . Ganguly et al. (1996) argued that this suggested that temperature with increasing XGrt Mg# . However, the method presented in this paper has a third-order the Mg-Mn mixing in garnet has a relatively large positive deviation from ideality, while the Berman polynominal function for this correction (a feature also shown by Pattison & Newton, 1989) Green, 1979; Powell, 1985; Krogh, 1988) ignoring the influence the various geothermometers can be drawn. Compared to the new calibration, the Ellis & Green (1979) and of XGrt Mg# clearly tend to over-estimate the temperature relative to the three other methods at increasing XGrt Mg# Powell (1985) calibrations generally seem to overestimate temperatures for most compositions at intervalues.
In Fig. 5(c) , XGrt Mn has been varied keeping the other mediate pressures. The degree of over-estimation increases with increasing XGrt Mg# and at XGrt Ca >c. 0.45. At parameters constant. The correction for XGrt Mn presented in this paper has a curved positive slope at XGrt Mn values higher pressures, this difference partly cancels out due Bearing all these aspects in mind, one should expect fairly similar temperatures for common granulites and amphibolites with low to moderate XGrt Mg# values from the calibrations of Powell (1985) , Krogh (1988) , Berman et al. (1995) and this paper. At higher pressures (eclogite facies), the XGrt Mg# generally is higher than for equivalent amphibolite and granulite facies rocks, which will tend to increase the temperatures calculated by the methods of Ellis & Green (1979) , Powell (1985) and Krogh (1988) relative to the Ai (1994), Berman et al. (1995) and the new calibration. On the other hand, the larger pressure corrections in the three latter methods will partly counteract this effect, resulting again in fairly comparable temperatures. For high- Fig. 4 . P-T plot of the iso-K D curves for various versions of pressure ultrabasites, the XGrt Mg# is very high and XGrt Ca is the garnet-clinopyroxene Fe2+-Mg thermometer using the low. Again, the high XGrt Mg# will result in lower analyses of sample SA1-3a given in Table 4 (from Hartel & temperature estimates for the new calibration relative Pattison, 1996) . Curve patterns as in Fig. 3 .
to the Ellis & Green (1979 ), Powell (1985 and the Krogh (1988) calibrations, which will be partly compensated by the greater pressure correction. The to the larger pressure correction for the new calibration. Compared to the new calibration, the method of Ai Berman et al. (1995) calibration has a gentler slope for the XGrt Ca correction, which will counteract the tempera-(1994) generally seems to under-estimate temperatures, except at very low values of XGrt Mg# and for high-pressure ture lowering caused by a high XGrt Mg# value at low XGrt Ca . The Berman et al. (1995) calibration is thus ultrabasites, as shown below. The calibration of Berman et al. (1995) Table 5 . Electron microprobe analyses of, and calculated temperatures for co-existing garnet and clinopyroxene in experimental run C7 (Niida & Green, 1999) Estimated temperatures using the newly proposed including Mn-rich assemblages. Thus it is recommended that the use of older calibrations based on calibrations work on high-pressure ultrabasites, a more limited datasets should be abandoned. The more worked example based on new experimental data for recent thermometer of Berman et al. (1995) gives MORB pyrolite by Niida & Green (1999) is given in reasonable temperatures for common amphibolites and Table 5 . These data have not been included in the new granulites with low-Na clinopyroxenes, but its validity regression, and may serve as an independent check of for high-pressure eclogite-related rocks is more dubious. the calibration. The results show that the calibrations of Ai (1994) and this paper yield temperatures identical A CAUTIONARY NOTE to the experimental temperature, while all the other calibrations over-estimate the temperature by It has been repeatedly stated that the use of geothermometers based on simple cation exchange is a problem, 70-110°C.
and it is necessary to again stress that we should be careful. Firstly, thermal resetting during cooling will CON CLUSIONS certainly disturb the 'peak compositions' of the minerals involved both through simple cation exchange The present work shows that a relationship between the Fe2+-Mg distribution coefficient K D , garnet comand a combination of net transfer and cation exchange reactions. This has been shown by various authors positional variations, pressure and temperature for co-existing garnet and clinopyroxene can be described and is beautifully illustrated by Spear & Florence (1992) . Geothermometers based on the exchange of over a large span of compositional and physical variations by multiple statistical treatment. Significant Fe2+ between co-existing phases causes additional trouble, as we commonly only have data for total iron. variations in the Na content (up to XCpx Na =0.51) of pyroxene does not seem to affect this relationship.
Thus, we do not know how much of the iron in a Brey, G. P., Kö hler, T. & Nickel, K. G., 1990. Geothermo- mineral is present in the ferrous and ferric states, barometry in four-phase lherzolites I. Experimental results respectively. Although there are various ways to from 10 to 60 kb. Journal of Petrology, 31, 1313 Petrology, 31, -1352 calculate the ferric-ferrous ratio in both garnet and 
